We report self-and interdiffusion studies between 800 and 1160°C in buried Al GaAs interfaces was found to decrease with increasing Al content. Al-Ga interdiffusion at AlGaAs-GaAs and AlAs-GaAs interfaces reveals a concentration dependent interdiffusion coefficient. The temperature dependence of Ga and Al diffusion in GaAs and of Ga diffusion in AlGaAs is described by a single activation enthalpy in the range of 3.6Ϯ0.1 eV, but with different pre-exponential factors. The experimentally observed higher Al diffusion in GaAs compared to Ga self-diffusion as well as the decreasing Ga diffusion with increasing Al content is explained.
Interdiffusion of group-III atoms in III-V semiconductor heterostructures is important for the fabrication of electronic and optoelectronic devices. Interdiffusion alters the abruptness of the heterostructure and with that the electrical and optical properties of the device. To date the effect of different experimental conditions on Al-Ga interdiffusion in AlGaAs/GaAs heterostructures like As overpressure 1 and capping layers of SiO 2 2,3 and Si 3 N 4 2,4,5 have been studied extensively but no systematic investigation has been performed so far for Ga self-diffusion in AlGaAs and for the Al-Ga interdiffusion which has been considered to be independent 4, 3, 6, 7 as well as dependent 8, 9 on the Al content. This lack of information, led us to investigate in more detail the self-and interdiffusion in Al 71 GaAs ͑d͒ layer structure were used for Ga self-and Al-Ga interdiffusion experiments. The thicknesses of the layers lie between 100 and 200 nm. The structures were grown by molecular beam epitaxy ͑MBE͒ at about 600°C on a 200-nm-thick undoped natural GaAs buffer layer which was deposited on ͑100͒ oriented GaAs substrate wafers. A natural GaAs capping layer, about 200 nm thick, was grown on top of the structure to protect the AlGaAs layer against oxidation in air.
Rectangular samples, 1ϫ3 mm 2 in size, were cut and rinsed in organic solvents, etched in HCl, and sealed in evacuated quartz ampoules together with crushed bulk GaAs. A controlled amount of elemental arsenic was added in order to adjust the partial pressure of As 4 to p As 4 ϳ1 atm at each diffusion temperature. Annealing was performed at temperatures between 800 and 1050°C. The diffusion process was terminated by plunging the ampoule into ethylene glycol at room temperature. For annealing at 1160°C the isotope samples were placed with their smooth surface on a polished semi-insulating GaAs wafer which was sealed together with As into a quartz ampoule. Diffusion experiments were performed in a resistance heated furnace. The temperature was monitored with an accuracy of Ϯ2 K. The surface of the samples remained specular after the heat treatment. Concentration profiles of Al, 69 Ga, 71 Ga, and As in the annealed samples were measured with secondary ion mass spectrometry ͑SIMS͒ ͑CAMECA IMS-3 f ͒ using a Cs ϩ ion beam with an energy of 5.5 keV. The depths of the craters left from the analysis were determined with a Tencor P-10 surface profilometer. The measured secondary ion counts were converted into concentrations taking into account the count rates obtained on an Al 0.56 Ga 0.44 As standard. The thicknesses of the layers in the as-grown isotope structures a to d were determined by depth measurements of craters formed by several separate SIMS analysis runs on each sample. The layer thicknesses of the as-grown structures are consistent within 20% with the thicknesses of the layers deduced from the best fits to the experimental profiles measured after annealing.
Concentration profiles of Al, 69 Ga, and
71
Ga of the asgrown structure b are shown in Fig. 1͑a͒ . Figure 1͑b͒ illustrates the corresponding distribution after annealing of sample b at 1050°C for 1800 s. Concentration profiles of 69 Ga 10 which lie within the Al
GaAs and 71 GaAs layers, are accurately described by the solution of Fick's law for selfdiffusion across an interface taking into account a concentration-independent diffusion coefficient. The measured 69 Ga profiles within the 71 GaAs layer of samples a to d all yield the same Ga self-diffusion coefficient within experimental accuracy even though the Al concentration in the 71 GaAs layer varies from 10 18 cm Ϫ3 ͑detection limit͒ in, e.g., sample d up to 10 20 cm Ϫ3 in sample b due to in-diffusion of Al from the adjacent AlGaAs layer. The temperature dependence of Ga self-diffusion in Al X Ga 1ϪX As with Xϭ0, 0.41, 0.62, and 0.68 is shown in Fig. 2 . The experimental error of our data is estimated to be about 40% and is mainly caused by the accuracy of the crater depth and the sputter rate meaa͒ Electronic mail: bracht@nwz.uni-muenster.de b͒ Electronic mail: eehaller@lbl.gov APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 1 4 JANUARY 1999 surements. The data are accurately described by the Arrhenius equation
The activation enthalpy Q of Ga self-diffusion in Al X Ga 1ϪX As and the corresponding pre-exponential factor D 0 are summarized in Table I . Recently Wang et al. 11 determined an activation enthalpy of (4.24Ϯ0.06) eV for Ga selfdiffusion in GaAs which deviates from the present result of (3.71Ϯ0.07) eV. We favor the activation enthalpy of 3.71 eV for Ga self-diffusion in GaAs, because simultaneous annealing of the former 69 GaAs/
GaAs heterostructure with sample a has revealed that the Ga profile near the interface of the 71 GaAs layer and the GaAs substrate, which was considered by Wang et al. for the self-diffusion study, deviates from the expected error function solution. This may be caused by surface contamination of the GaAs substrate wafer. The temperature dependence of Ga self-diffusion in AlGaAs reveals that Ga diffusion decreases with increasing Al content whereas Q appears to be constant within the experimental error ͑see Fig. 2 and Table I͒ . The more pronounced deviation of the data points from the respective theoretical line compared to the results of Ga self-diffusion in GaAs reflects the fact that each data point corresponds to only one sample.
The Al and Ga profiles near the Al
69
GaAs-
71
GaAs interface result from Al-Ga interdiffusion. The Al-Ga interdiffusion coefficient D can be expressed as ͑see, e.g., Ref.
12͒
where X Al and X Ga are the mole fractions of Al and Ga. D Ga and D Al represent the Ga and Al diffusion coefficients in AlAs and GaAs, respectively. ⌽ is the thermodynamic factor and S the vacancy wind factor which takes vacancy interaction and correlation effects into account. For modeling Al-Ga interdiffusion we assume the simplest possible values of ⌽ϭ1 ͑ideal solution͒ and of Sϭ1. On this basis, Fick's second law was solved numerically. The measured Al and 71 Ga profiles shown in Fig. 1͑b͒ can both be described with the composition dependent interdiffusion coefficient D according to Eq. ͑2͒ which takes into account the actual mole fraction of Al and Ga as a function of depth. Note, all interdiffusion profiles of samples a to d, which were annealed at the same temperature, are accurately described with data for D Ga and D Al which are consistent within 40%. The temperature dependence of Al diffusion in GaAs and of Ga diffusion in AlAs is shown in Fig. 2 . Fitting Eq. ͑1͒ to these results yields data for Q and D 0 which are listed in Table I . The values for Q shown in Table I all lie in the range of (3.6Ϯ0.1) eV. Recently Wee et al. 5 reported an activation enthalpy of (3.6Ϯ0.2) eV and a pre-exponential factor of 0.2 cm 2 s Ϫ1 for interdiffusion of Al 0.2 Ga 0.8 As/GaAs at temperatures between 750 and 1150°C. Their data are consistent with our results on Ga diffusion in AlGaAs and its dependence on the Al content. Tan et al. 6 have proposed 6 eV for Ga self-diffusion. This result is based on a compilation of Ga self-diffusion and Al-Ga interdiffusion data obtained under various experimental conditions which includes AlGaAs/ GaAs heterostructures with Al contents up to 100%. The activation enthalpy of 6 eV appears now to be questionable since our work unambigously shows that Al-Ga interdiffusion does not represent Ga self-diffusion.
The single activation enthalpy found for Ga self-and Al-Ga interdiffusion suggests that the diffusion is mediated by the same native defect. Vacancies on the sublattice of the group-III atoms are assumed to mediate the Ga self-and Al-Ga interdiffusion under intrinsic conditions. 1 In this case the self-diffusion coefficient is given by
where f V is a correlation factor and C V eq and D V the thermal equilibrium concentration of vacancies and their diffusivity. C V eq D V can be expressed by the geometry factor g, the jump distance a, the jump attempt frequency , and the Gibbs free energy G V SD of self-diffusion via vacancies. is proportional to 1/ͱm, where m represents the atomic mass of the jumping atom. Different jump frequencies of 27 Al and
Ga caused by the difference in their masses are proposed to be the cause for the experimentally observed higher Al diffusion in GaAs compared to Ga self-diffusion. The experimentally determined ratio between the Al and the Ga diffusion coefficient in GaAs is consistent with (m Ga /m Al ) 0.5 . The decreasing Ga diffusivity with increasing Al content in AlGaAs can be interpreted with a different location of the intrinsic Fermi energy level with respect to the vacancy charge transition state. 13 This causes different thermal equilibrium concentrations of vacancies in AlGaAs for different Al compositions. In the following we consider the experimental ratio between Ga diffusion in GaAs and AlAs. This equals the ratio between C V eq D V for GaAs and AlAs if the binding energy between Ga and a vacancy in AlAs is negligible. Assuming only a single negatively charged vacancy, the total concentration of vacancies in thermal equilibrium is given by 14 
C V
where C V 0 eq is the equilibrium concentration of a neutral vacancy, E f in the Fermi level under intrinsic condition, and E V Ϫ/0 the acceptor energy level of a singly charged vacancy. The Fermi-level position is given by
where E g is the band gap energy and m V * and m C * are the effective density of state masses for holes and electrons in GaAs and AlAs, respectively. 15 Using Eqs. ͑4͒ and ͑5͒, the ratio between C V eq in GaAs and AlAs is estimated to be 6.5 ϫexp͓0.077 eV/(kT)͔ assuming that: C V 0 eq in GaAs equals C V 0 eq in AlAs, E V Ϫ/0 lies within the lower half of the band gap, 16 and the ionization levels E V Ϫ/0 in GaAs and AlAs are similar with respect to the valence-band position of AlAs as energy reference. We obtain a ratio of 12.8 at, e.g., 1050°C, which is consistent with our experimental result of 11.1.
In summary, Ga self-diffusion and Al-Ga interdiffusion were studied with isotope heterostructures of AlGaAs/GaAs. Ga diffusion in Al X Ga 1ϪX As with Xϭ0, 0.41, 0.62, 0.68, and 1.0 was found to decrease with increasing Al concentration. The intermixing observed at AlGaAs/GaAs interfaces is accurately described if a concentration-dependent interdiffusion coefficient is assumed. The higher Al diffusivity in GaAs as compared to Ga self-diffusion is attributed to the higher jump frequency of 27 Al as compared to 71 Ga caused by the difference in their masses. The lower Ga diffusivity in AlAs compared to GaAs is proposed to be due to lower thermal equilibrium concentrations of vacancies in AlAs as compared to GaAs. The different values for C V eq in these materials are explained by the differences in the electronic properties between AlAs and GaAs. The activation enthalpy Q and the pre-exponential factor D 0 deduced from our diffusion experiments are summarized in Table I 
